Random peptide libraries are displayed on filamentous bacteriophage as fusions to either the minor coat protein, pIII, or the major coat protein, pVIII. We have devised a means of isolating the peptide displayed on a phage clone by transferring it to the N-terminus of the maltose-binding protein (MBP) of Escherichia coli encoded by malE. Transfer of a peptide sequence to monomeric MBP eliminates phage-encoded amino acids downstream of the insert peptide as well as avidity effects caused by multivalent display on phage. Peptide:MBP fusions are also easily affinity purified on amylose columns. The pMal-p2 vector was engineered to accept phage DNA encoding pIII-and pVIII-displayed peptides fused to their respective leader sequences. Both types of leader sequence were shown to target the peptide:MBP fusions to the periplasm of E. coli. A streamlined procedure for transferring peptides to MBP was applied to clones that had been isolated from a panel of pVIII-displayed peptide libraries by screening with an HIV-1-specific monoclonal antibody (Ab). By enzyme-linked immunosorbent assay, the Ab bound each of the peptide:MBP fusions and required the presence of a disulfide bridge within each peptide. Some of the peptide:MBP fusions were also analyzed using surface plasmon resonance. Thus, our study shows the value of malE fusion vectors in characterizing phage-displayed peptides.
Random peptide libraries are displayed on filamentous bacteriophage as fusions to either the minor coat protein, pIII, or the major coat protein, pVIII. We have devised a means of isolating the peptide displayed on a phage clone by transferring it to the N-terminus of the maltose-binding protein (MBP) of Escherichia coli encoded by malE. Transfer of a peptide sequence to monomeric MBP eliminates phage-encoded amino acids downstream of the insert peptide as well as avidity effects caused by multivalent display on phage. Peptide:MBP fusions are also easily affinity purified on amylose columns. The pMal-p2 vector was engineered to accept phage DNA encoding pIII-and pVIII-displayed peptides fused to their respective leader sequences. Both types of leader sequence were shown to target the peptide:MBP fusions to the periplasm of E. coli. A streamlined procedure for transferring peptides to MBP was applied to clones that had been isolated from a panel of pVIII-displayed peptide libraries by screening with an HIV-1-specific monoclonal antibody (Ab). By enzyme-linked immunosorbent assay, the Ab bound each of the peptide:MBP fusions and required the presence of a disulfide bridge within each peptide. Some of the peptide:MBP fusions were also analyzed using surface plasmon resonance. Thus, our study shows the value of malE fusion vectors in characterizing phage-displayed peptides. © 1998 Academic Press
Phage display continues to grow as a technology for selecting peptides that bind to a variety of biomolecules including (Abs), 2 enzymes, receptors, DNA, and RNA (for reviews, see Refs. 1 and 2). The two phage proteins used for peptide display are the minor coat protein, pIII, and the major coat protein, pVIII. pIII is present in four or five copies that are closely clustered at one tip of the virion, whereas pVIII is present in thousands of copies that are arranged in a fish-scale-like pattern forming the body of the virion. Thus, multivalency can complicate the determination of the affinity of a selecting molecule for its cognate peptide displayed on either pIII or pVIII. In pIII display, avidity effects are produced by the close clustering of peptides. In pVIII display, the potential avidity effects vary between clones, as there is variation in the level of incorporation of recombinant peptide:pVIII fusions into the hybrid virion coat; this appears to be governed by the rate of processing of the pro-coat (3). Furthermore, in both cases there is the potential for contribution of the phage-coat proteins to peptide affinity, either by sequences flanking a peptide or by conformational stabilization of the peptide induced by the coat milieu. By transferring peptides from phage to maltose-binding protein (MBP), the binding of an antibody (Ab) to a peptide can be measured in the absence of potential "phage effects" (i.e., avidity and/or conformational effects). Although our approach of genetically transferring phage-displayed peptides to MBP can be applied to virtually any phage display system, in the present study it was applied to the pVIII-display libraries of Bonnycastle et al. (4) , which were derived from the vector f88.4 (5) , as well as the "Ph.D." pIII-display libraries of New England Biolabs, Inc. (NEB).
MBP provides a useful, monovalent scaffold for peptide display for several reasons. First, it is easily purified by chromatography on amylose columns. Second, like the phage-coat proteins, MBP is secreted, allowing disulfide formation to occur in the periplasmic space. Third, MBP has no cysteines that could form disulfide bonds with cysteines within the fused peptide. Finally, with MBP fusions, there is less concern about peptide solubility, since the peptide is already "conjugated" to soluble MBP. This allows phage-derived peptides to be transferred to MBP and tested for activity in the absence of flanking phage sequence. This is a useful step before designing peptides for chemical synthesis, as we often observe significant variations in affinity on moving from a fusion protein to a synthetic peptide. Moreover, synthetic peptides may not be required for several applications, such as immunization (see Discussion); MBP offers an alternative means of testing peptide affinity.
The commercially available vectors pMal-p2 and pMal-c2 (NEB) are designed for fusions to the C-terminus of MBP (6) , and fusions of short peptides to the Cterminus of MBP have been described for peptides derived from lac-repressor-fusion libraries (7) . Since the peptides in phage-display libraries are N-terminally displayed, we engineered pMal-p2 to produce N-terminal fusions. A previous study showed that not only could single-chain Fv fragments be fused to the N-terminus of MBP, but in some cases, N-terminal display was superior to C-terminal display because it resulted in fewer incomplete translational products (8) . Our initial studies demonstrated that both the pVIII and pIII leader sequences were capable of transporting peptide:MBP fusions to the periplasm of Escherichia coli for subsequent signal peptide cleavage. Encouraged by these results, we designed a streamlined strategy for transferring the peptides from phage clones that had been affinity selected from a panel of pVIII-displayed peptide libraries. The monoclonal antibody (MAb) used to screen the phage libraries, loop2, binds to a conserved sequence within the V3 loop of HIV-1 gp120 (9). Four loop2-selected peptides were chosen for fusion to MBP. Enzyme-linked immunosorbent assays (ELISAs) showed that the binding of Ab to the phage-derived peptides was largely retained with MBP display. Surface plasmon resonance (SPR) analysis (10) resulted in well-behaved dose-response curves for three of the peptide:MBP fusions probed with MAb loop2.
MATERIALS AND METHODS

Reagents
All reagents, unless otherwise specified, were from NEB. Construction of pVIII-display peptide libraries and procedures for selection, amplification, and purification of phage clones are described in Bonnycastle et al. (4) 
was from NEB. G. P. Smith (University of Missouri-Columbia) kindly supplied the phage vector f88.4 (5).
Preparation of Neutravidin and Biotinylated Horseradish Peroxidase Complex
Complexes of neutravidin (Pierce Chemical Co., Rockford, IL) and biotinylated horseradish peroxidase were prepared as a detection reagent for biotinylated Abs. Briefly, 500 g of horseradish peroxidase (Cat. P-6782; Sigma Chemical Co., St. Louis, MO) was dissolved in 250 l phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 5.37 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4; Ref. 12) and divided into five aliquots. To each 50-l aliquot were added 11 l 1 M NaHCO 3 and 50 l 0.5 mg/ml NHS-LC Biotin (Pierce) in 2 mM sodium acetate, pH 6.0. The solution was incubated for 2 h at room temperature, and then 500 l 1 M ethanolamine was added. The mixture was incubated for another 2 h at room temperature, and then 20 l of Tris-buffered saline (TBS; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 1 mg/ml BSA (Fraction V, Sigma) was added. The mixture was transferred to a Centricon-30 device (Amicon, Inc., Beverly, MA) and washed twice with TBS and then once with TBS containing 0.02% NaN 3 . The optimal ratio of neutravidin to biotinylated horseradish peroxidase was determined by ELISA to be 50 ng:12 ng per microwell. This was prepared by adding 1 l 1.4 mg/ml stock of neutravidin and 1 l of a 0.33 mg/ml stock of biotinylated horseradish peroxidase to 1 ml of TBS containing 0.1% Tween 20 (ICN Biomedicals, Inc., Aurora, OH).
Vector Construction pMal-pIII. This vector was derived from pPR1068 (P. Riggs, NEB), which is identical to the MBP fusion vector pMal-p2, except for the following changes: (i) the region encoding the MBP leader sequence was deleted; (ii) the unique NdeI site was removed; (iii) a new, unique NdeI site (CATATG), part of which encodes the initiator methionine of the MBP leader sequence, was added; and (iv) the unique NcoI site and one of two AvaI (4566) sites were removed. To construct pMalpIII, oligonucleotides 1 and 2 were annealed to form a duplex encoding the pIII leader sequence of the Ph.D. vector and the unique Acc65I/KpnI and EagI cloning sites. This duplex was then spliced into the NdeI site of pPR1068 (Fig. 1A) .
pMal-X. This construct was also derived from the vector pMal-p2 with the following changes: (i) the HindIII and PstI sites in the polylinker cloning region (located at the 3Ј end of the MBP coding region) were replaced with a unique KpnI site; (ii) a unique HindIII site, followed by a sequence encoding the influenza hemagglutinin peptide tag YDVPDYA (13, 14) , were added immediately 3Ј to the region encoding the MBP leader (see Fig.  1C ); (iii) a unique PstI site was added 3Ј to the region encoding the hemagglutinin tag and 5Ј to that encoding mature MBP; and (iv) a unique XhoI site was added 5Ј to the tac promoter and 3Ј to lacI q (1212 G, 1213 A). The pMal-KHP construct is identical to pMal-X, except it lacks the unique XhoI site (1212 A, 1213 T). The nucleotide sequences of the pMal-X and pMal-pIII vectors have been deposited in GENBANK (Accession Nos. AF031813 and AF031088, respectively).
Engineering pMal-X to Express Peptide:MBP Fusions
Purified pMal-X vector DNA was digested with XhoI and PstI according to the manufacturer's instructions, and the resulting DNA fragments were separated on a 0.8% agarose gel in TAE buffer (12) . A 6.3-kb band of DNA encoding the tac promoter, leader sequence, and hemagglutinin tag was extracted and purified with a GeneClean kit (BIO101, Inc., Vista, CA) following the manufacturer's instructions. Phage clones were purified by precipitation in polyethylene glycol (4) and the polymerase chain reaction (PCR) was used to amplify a segment of viral DNA encoding the peptide insert (Fig.  2) . The forward PCR primer (No. 3) anneals immediately upstream of the XhoI site, which is 5Ј to the tac promoter of f88.4. The reverse PCR primer (No. 4) anneals 3Ј to the PstI site within the synthetic gene 8. The resulting PCR product encodes a unique XhoI site, the phage tac promoter, the pVIII leader sequence, the phage-displayed peptide, and a unique PstI site.
The PCR was performed in a total volume of 100 l and consisted of ThermoPol reaction buffer containing 200 M each dNTP, 300 nM each forward and reverse primer, 1 U Vent DNA polymerase, 2 mM MgSO 4 , and 83 pM phage (5 ϫ 10 9 particles). Samples were presoaked at 95°C for 120 s and then cycled 30 times with the following parameters: 95°C for 60 s, 56°C for 30 s, and 72°C for 25 s. Amplified products were purified using a GeneClean kit (BIO 101) and then digested with XhoI and PstI. DNA fragments from the digest were separated on a 6% polyacrylamide gel in TBE buffer (12) , and bands of the correct size (ϳ240 bp) were excised. The gel slices were crushed and soaked in sterile water at 37°C for 2 h and then the DNA was eluted from the gel pieces by centrifugation through a Micropure Separator (0.45 m, Amicon). The eluates were desalted on Ultrafree-MC filters (30 000 NMWL; Millipore Corp., Bedford, MA) prior to their addition to ligation reactions containing the 6.3-kb fragment from the vector pMal-X.
Approximately 20 ng (0.3 pmol) of purified insert was ligated to 30 ng (15 fmol) of the purified pMal-X fragment in T4 DNA-ligase buffer (GibcoBRL) containing 0.25 units of T4 DNA ligase (GibcoBRL; total volume, 7 l) for 16 h at 15°C. CaCl 2 -competent DH5␣FЈ cells were transformed with the ligation products using heat shock (12) , and ampicillin-resistant colonies were picked and amplified in LB medium containing 100 g/ml ampicillin (15) . To verify the presence of the insert, plasmid DNA was sequenced by the University of Calgary Core DNA Services (Alberta) using the pMal sequencing primer.
Engineering pMal-pIII to Express Peptide:MBP Fusions
The Ph.D.-7 heptapeptide library was screened with the Erk1/2 MAP kinase (NEB), following the directcoating method described in the manufacturer's instructions. After washing, bound phage were incubated for 30 min with the substrate peptide TGPLSPGPF (0.1 mM) in TBS; this "competitive elution" specifically inhibited phage from rebinding the substrate-binding site. Two ELISA-positive phage clones were selected from this screening, and their displayed peptides were transferred to MBP via the vector pMal-pIII. Recombinant constructs were prepared by annealing the Ϫ96 gIII sequencing primer (Cat. No. 1259, NEB) to singlestranded phage DNA, extending through the peptideencoding region with Klenow fragment and dNTPs, and digesting the resulting duplex DNA with Acc65I and EagI. (The isoschizomer Acc65I is used in place of KpnI to facilitate simultaneous double digestion with EagI.) Fragments encoding the peptide inserts (53 bp) were purified from an 8%, nondenaturing, polyacrylamide gel as above, subcloned into pMal-pIII that had been digested with Acc65I and EagI and then ligated as above. The ligation products were used to transform E. coli NM522 cells, and the presence of the inserts was verified by DNA sequencing using the pUC/M13 reverse primer (Cat. No. 1233, NEB).
Peptide:MBP Fusion Protein Production and Purification
A single, fresh, ampicillin-resistant colony was used to prepare an overnight culture in LB medium containing 0.2% glucose, 100 g/ml ampicillin, and 25 g/ml kanamycin. Twenty milliliters of this culture was used to inoculate 2 L fresh LB medium containing the same antibiotics, and the culture was grown at 37°C with shaking at 250 rpm to OD 600 ϳ0.5. Isopropylthio-␤-Dgalactoside (IPTG, GibcoBRL) was then added to a final concentration of 0.2 mM, and the culture was shaken at 25°C for another 2 h. The cells were harvested by centrifugation at 4000g for 20 min at 4°C. The periplasmic fraction was prepared by cold osmotic shock (16) according to the Protein Fusion and Purification System manual (NEB). Briefly, 600 ml of 30 mM Tris-HCl, 20% sucrose, pH 8.0, were added to the bacterial pellet, and then 0.5 M Na 2 EDTA, pH 8.0, was added to a final concentration of 1 mM. The pellet was resuspended by repeatedly pipetting the solution over the pellet and then by shaking the mixture at ϳ200 rpm for 5-10 min at room temperature. The suspension was centrifuged at 8000g for 20 min at 4°C and then the cells were osmotically shocked by resuspending the pellet in 400 ml ice-cold, 5 mM MgSO 4 , and vigorously rocking for 10 min at 4°C. The mixture was then centrifuged at 8000g for 20 min at 4°C. The supernatant (referred to as the cold osmotic-shock fluid) was stabilized by the addition of 8 ml 1 M Tris-HCl, pH 7.4, preserved with sodium azide (final concentration ϭ 1 mM), and stored at Ϫ20°C.
Peptide:MBP fusions were purified by amylose affinity chromatography following the instructions provided in the Protein Fusion and Purification System manual (NEB). Briefly, the column was prepared by pouring amylose resin in a glass-wool plugged, 60-ml syringe (2.5 cm diameter 10 -15 ml bed volume). The column was washed with 8 column volumes of column buffer (PBS, 1 mM EDTA, pH 7.4). The osmotic shock fluid was defrosted in a cold-tapwater bath, passed through a bottle-top filter (0.45 m, 500 ml; Corning Glass Works, Corning, NY), and loaded onto the column at a flow rate of about 1 ml/min. The column was washed with 12 column volumes of column buffer. The fusion protein was eluted within the first 10 fractions with filter-sterilized column buffer containing 10 mMmaltose (fraction size, 3 ml or one-fifth column volume); the fractions were monitored by UV absorbance at 280 nm. The protein-containing fractions were pooled, washed, and concentrated using a Centriprep-30 concentrator (30,000 MWCO, Amicon). The packed resin was regenerated with the following sequence of washes, which were carried out at room temperature: 3 column volumes deionized water, 3 volumes 0.1% SDS, 1 volume water, and 3 volumes column buffer. Columns were reused three to five times. particles/well in TBSB) were added to wells that had been coated with anti-phage Ab, whereas other wells remained blocked for 90 min at 4°C. Wells were washed four times, and "ϩdithiothreitol (DTT)" wells were treated with 35 l TBS containing 15 mM DTT, whereas "ϪDTT" wells were treated with TBS alone for 30 min at 4°C. The wells were aspirated and 35 l of the following Abs was immediately added: 30 nM biotinylated MAb loop2, 50 nM rabbit anti-phage Ab (4), or a 1:2500 dilution of rabbit anti-MBP Ab. The Abs were diluted in TBSB alone, or in TBSB containing 5 mM DTT, and incubated in the appropriate wells for 3 h at 4°C. The wells were washed five times, and 35 l goat anti-rabbit IgG:horseradishperoxidase conjugate (Pierce), diluted 1:800 in TBSB, was added to wells containing nonbiotinylated Ab; 35 l of a complex of Neutravidin and biotinylated horseradish peroxidase (see above) diluted in TBS containing 0.1% Tween 20 (ICN) was added to wells containing biotinylated Ab. ABTS solution was prepared by mixing 3.07 ml 0.1 M citric acid and 1.93 ml 0.2 M Na 2 HPO 4 , adding 2 mg of 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma), mixing again, and adding 5 l 30% (w/w) H 2 O 2 (Sigma). After incubating the plate 30 min at room temperature, the wells were washed seven times, and 35 l of freshly-prepared ABTS solution was added. After 45 min, the absorbance at 405 and 450 nm was measured on an EL 312e Bio-Kinetics Reader (Bio-Tek). The results are reported as (A 405 -A 490 ) ϫ 1000.
ELISA
Western Blotting
The Phototope-Star Western Blot Detection Kit (NEB) was used according to the manufacturer's instructions. Immobilon-P polyvinylidene fluoride membrane (Millipore) was used for blotting; rabbit anti-MBP Ab (1:10,000 dilution) and MAb loop2 (1:5000) were used as primary Abs, and alkaline phosphataseconjugated anti-rabbit or anti-human IgG (1:1000) were used as secondary Abs. For multiple probings, membranes were stripped by incubation in 62.5 mM Tris-HCl, pH 6.6, 100 mM ␤-mercaptoethanol, 2% SDS at 50°C for 30 minutes and washed twice in PBS prior to blocking for the second probing. 
Surface Plasmon Resonance Analysis
The remaining activated sites on the chip were blocked by injecting 40 l of 1 M ethanolamine, pH 8.5. Fab loop2 or MAb loop2 was injected in PBS, pH 7.4, at concentrations ranging from 200 nM to 1.2 M, and at a flow rate of 10 l/min during the association phase and 50 l/min during the dissociation phase. The surface was regenerated by injection of 50 l of 20 mM HCl at a flow rate of 5 l/min. The association and dissociation rates (k on and k off ) were calculated assuming a one-to-one pseudo-first-order kinetic model using BIAevaluation Software Version 2.1 (BIAcore). Both k on and k off were determined by analyzing the curves obtained at four or five different concentrations of loop2 MAb or Fab.
RESULTS
Engineering pMal Vectors to Produce MBP Fusions to Peptides Derived from Phage-Display Libraries
The peptide:MBP vectors were designed for the transfer to the N-terminus of MBP of pIII-and pVIIIdisplayed peptides that had been selected from phage display libraries. In the Ph.D. and f88.4 systems, random peptides are expressed at the N-terminus of the mature pIII and pVIII coat proteins, respectively. Thus, these phage vectors were designed for a libraryconstruction strategy that uses an upstream cloning site within the leader-peptide coding sequence and a downstream cloning site that is at or beyond the sequence encoding the signal peptidase cleavage site (Figs. 1B, 1D , and 1E). As a result, when DNA fragments encoding selected peptide sequences are transferred from a phage to a malE fusion vector via these cloning sites, residues from the C-terminal end of the leader sequence are transferred as well. This creates a problem, in that the malE vectors must have similar cloning sites within the region encoding the leader sequence. To circumvent this problem, we constructed vectors in which the MBP leader sequence was replaced with the pIII or pVIII leader sequence, or fragments thereof, and were thus engineered to contain the same cloning sites as the Ph.D. and f88.4 phage vectors, respectively (Figs. 1A and 1C) .
MBP:Peptide Fusions Are Correctly Processed and Secreted via Foreign Leader Sequences
The pIII leader sequence. The pMal-pIII vector was designed for transferring to MBP peptide sequences from Ph.D. phage-display libraries. To test whether the pIII leader sequence can substitute for the native MBP leader sequence in directing the transport and processing of peptide:MBP fusions, peptides selected from a representative panning experiment were transferred to pMal-pIII, and expression and processing of the resulting peptide-MBP fusions were monitored on immunoblots using anti-MBP Ab (Fig. 3) . In this panning experiment, the target was the Erk1/2 MAP kinase, and peptides specific for its active site were selected. Two sequences that produced positive ELISA signals (data not shown) were transferred to pMal-pIII: N11 (FHKPLKR) and N15 (NPAHSPW). As shown in Fig. 3 , the N15:MBP fusion (Fig. 3C ) was exported and processed at levels that are comparable to the pMal-p2 control (Fig. 3A) , in which MBP processing is directed by its own leader sequence. In contrast, the N11 peptide, which carries multiple positive charges, greatly inhibits proper processing of its MBP fusion (Fig. 3B) , as would be expected for secY-dependent processing (Ref. 17; see Discussion).
The pVIII and MBP:pVIII chimeric leader sequences. A peptide:MBP fusion was tested for correct processing and secretion via a chimeric leader sequence that is identical to the MBP leader sequence, except for two amino acid changes that are present near the C-terminus of the pVIII leader sequence. A well-characterized malarial epitope was chosen as a control peptide for fusion to the N-terminus of MBP. To engineer the fusion, purified replicative-form (RF) DNA from a phage clone bearing the peptide sequence NANPN-
FIG. 2. PCR-subcloning strategy for transferring pVIII-displayed peptides from phage to MBP fusion vector pMal-X (see text for details).
VDP(NANP) 3 GGPA (termed the NANP sequence) was cleaved with HindIII and PstI and ligated into similarly cleaved pMAL-KHP. Thus, the NANP sequence was inserted between the chimeric leader sequence and the N-terminus of mature, wild-type MBP (see Fig.  1C ). The fusion, NANP:MBP, was produced and isolated from osmotic-shock fluid (see Materials and Methods). SDS-PAGE analysis of the osmotic-shock fluid revealed a band of correct size. This was confirmed to be NANP:MBP on Western blot analysis using the MAb Pf2A. 10 (18) . The expected sequence of the correctly processed NANP:MBP protein was also verified by N-terminal amino-acid sequencing. Thus, the NANP:MBP fusion was secreted and correctly processed via the chimeric leader peptide.
Previously, we had determined that the MBP leader peptide could substitute for the pVIII leader peptide in exporting the NANP:pVIII fusion protein to the periplasm and, thus, allowed its assembly into the phage coat (data not shown). To determine if the pVIII leader could conversely substitute for the MBP leader in exporting NANP:MBP, the analogous fusion having the full pVIII leader peptide would have to be produced. Thus, a plasmid was engineered to encode this fusion protein using the cloning strategy outlined in Fig. 2 . SDS-PAGE and Western blot analysis of this fusion revealed that both leader sequences produce similar levels of NANP:MBP (data not shown).
Transferring pVIII-Displayed Peptides from Phage to MBP by PCR Subcloning
We sought to improve the cloning procedure due to inefficiencies in the method described above. As a first step, we chose to increase the size of the insert to include DNA encoding not only the insert peptide, but also the pVIII leader peptide and the phage-derived tac promoter; this DNA fragment of ϳ240 bp is easily gel purified before ligation into pMal-X. We chose to PCRamplify the fragment from phage, rather than using RF DNA, for four reasons: (i) high yields of fragment could be obtained by PCR; (ii) RF DNA preparations have low yields due to relatively low copy numbers in E. coli (this is especially true for fd-tet-derived vectors); (iii) RF DNA is more difficult to prepare than viral DNA; and (iv) phage selected from libraries are usually stored as virions, which can be used directly in the PCR. Thus, the PCR-based cloning strategy, depicted in Fig. 2 , circumvents several of the problems involved in the transfer of peptides to MBP.
MBP Display and Characterization of Phage-Derived Peptides Selected by the Human Anti-HIV-1 MAb loop2
The MAb loop2 is a recombinant human IgG1 that was originally isolated by screening a phage-displayed, human Fab library with a hydrazone-bridged cyclic peptide that corresponds to a conserved sequence within the V3 loop of the MN strain of HIV-1 gp120 (the MN peptide; see Ref. 9) . Peptides corresponding to portions of the V3 loop of gp120 have been shown to elicit neutralizing Abs against several strains of HIV-1 (19 -21) . MAb loop2 was used to screen a panel of 12 phage-displayed peptide libraries (4). Table 1 shows the sequences of peptides displayed by the selected phage clones. Alignment of these sequences reveals the consensus motif GPXR, which is also present in the constrained MN peptide. Using the pMal-X vector, the peptides C6, D5, G5, and J5 were transferred from the phage to MBP, and the resulting MBP fusions were purified. Figure 4 shows a Western blot of the G5:MBP fusion, which was probed first with MAb loop2 and then the membrane was stripped and probed again with rabbit anti-MBP Ab. The Western blot indicates that only the processed form of the G5:MBP fusion is detected in the osmotic-shock (periplasmic) fraction.
The ELISA data in Table 2 show that signals produced by the loop2 MAb for the peptides fused to MBP correlate well with those produced with fusions to the pVIII protein. Furthermore, side-by-side testing under reducing and nonreducing conditions revealed that the requirement for disulfide bridging was retained for the phage-and the MBP-displayed peptides. The ELISA controls indicated that signals produced by anti-MBP and anti-phage Abs were not affected by DTT. Although there was some decrease in the ELISA signal of MAb loop2 for the positive control (the MN peptide conjugated to BSA; MN-BSA), the signals were reduced to background levels for the MBP-and phagedisplayed peptides. Taken together, the ELISA data indicate that the loop2-binding peptides behave similarly when displayed on phage and on MBP.
SPR analysis was performed to determine whether the peptide:MBP fusions would produce well-behaved binding responses with Fab and MAb loop2. The sensorgram curves obtained were well-behaved, and a dose response was observed indicating specific binding (data not shown). Soluble Fab loop2 was used at several concentrations and bound only G5:MBP (K d ϭ 570 nM). This is consistent with G5:MBP producing the highest signal with MAb loop2 by ELISA. The fusions were also probed with MAb loop2, and apparent K d values were determined for three of the four fusions ( Table 2 ). MAb loop2 binding to J5:MBP was not measurable, most likely due to an artifact resulting from the immobilization procedure. Such artifacts due to covalent coupling of proteins to the BIAcore sensor chip are not rare (pers. comm., K. Dickerson, BIAcore). The surface affinity measured for MAb loop2 and G5:MBP (K d ϭ 48 nM) was ϳ10-fold lower than that measured for the Fab, indicating that the kinetics of MAb binding are strongly affected by avidity. There was a poor correlation between the surface affinities determined by SPR analysis with MAb loop2 and the ELISA data. Given the ϳ10-fold avidity boost in the SPR assay involving MAb loop2, the poor correlation is most likely due to differences in the spacing of the MBP:peptide fusions on the chip compared to the ELISA plate. Chemical coupling results in a more disperse spacing, whereas simple adsorption creates "islands" of closely grouped proteins.
Use of AR182 (prlA
Ϫ ) Cells for the Production of Peptide:MBP Fusions Containing Multiple Positive Charges
As with most protein-production systems, we found that the yield varied from one peptide:MBP fusion to the next. In particular, the yield of the C6:MBP fusion, when produced by the E. coli strain DH5␣FЈ, was approximately 100-fold lower than that of the other fusion proteins. The C6 peptide sequence contains two closely spaced arginine residues and has a net charge of ϩ3, whereas the D5, G5, and J5 sequences have net charges of ϩ2, ϩ2, and ϩ1, respectively. Similarly, in the pMal-pIII system, the N11 Erk1/2 binding sequence, with a net charge of ϩ3.5, was barely processed in E. coli NM522 (Fig. 3B) . In contrast, the N15 peptide, whose net charge is ϩ0.5, was processed at levels comparable to native MBP (cf. Figs. 3A and 3C) . Peters et al. (17) reported that, for pIII-displayed peptides, a high density of positively charged residues near the signal-peptide cleavage site inhibits proper insertion of pIII into the E. coli inner membrane. In addition, they found that suppressor mutations in the SecY component of the protein-export apparatus (e.g., prlA4) dramatically reduce the inhibition of export caused by these positively charged, N-terminal residues. Our SDS-PAGE analysis of osmotic-shock fluids showed that production of the C6:MBP fusion was increased in the E. coli strain AR182 (prlA4) compared to its production at the same time and under the same conditions in DH5␣FЈ cells (Fig. 5) . Based on this observation, we now produce all peptide:MBP fusions in AR182 cells; this is a conservative measure, as the prlA ϩ E. coli strains perform equally well for MBP fusions whose peptides do not have multiple, positively charged residues.
DISCUSSION
Using genetic engineering, we have transferred phagedisplayed peptides to the N-terminus of MBP for subsequent use as a biologically produced, monovalent form of peptide for ELISA and SPR analysis. MBP was chosen over other protein-display scaffolds because it is easily affinity-purified, free of cysteines, secreted, and monomeric. Alkaline phosphatase has also been used for N-terminal display of pIII-derived peptides. In one case, Grihalde et al. (22) chose alkaline phosphatase as a means of characterizing peptides in the absence of phage and in another, Yamabhai et al. (23) used the alkaline phosphatase fusions as a one-step detection probe of peptide ligand:SH3 domain interactions. MBP has several advantages over alkaline phosphatase: It can be affinity purified rather simply; it is usually monomeric (whereas alkaline phosphatase is dimeric and thus has potential for avidity effects); and unlike alkaline phosphatase, MBP does not contain internal cysteines that could form disulfide linkages with cysteines within a peptide fusion. Recently, Tudyka et al. (24) engineered glutathione S-transferase from Shistosoma japonicum to display a recombinant protease inhibitor at its N-terminus and to be functionally secreted by E. coli cells. This system might also be useful for the display of phage-derived peptides. The enzyme can be purified on glutathione columns, and it contains no exposed cysteines; however, like alkaline phosphatase, it forms a dimer.
In many instances, a synthetic peptide is desired as the final ligand. MBP display may act as a useful prescreen for identifying peptides whose reactivity does not depend on the phage carrier and thus would potentially be active as free peptides. We have found that the "peptide-on-pins" method of producing and analyzing peptides (Chiron Mimotopes PTY Ltd., Clayton Victoria, Australia) often results in inconsistencies with the data derived from phage libraries. Similarly, others have reported that the phage itself can be important for the affinity of a selected peptide, since the corresponding synthetic peptides have reduced affinity (25) (26) (27) (28) .
To date, we have transferred to MBP six different pIII-displayed peptides and more than 20 different pVIII-displayed peptides. The peptides ranged from 6 to 22 amino acids in length, and all were recognized by their cognate proteins; in many cases the peptides contained disulfide constraints. Moreover, for all cases studied, the pattern of ELISA reactivity was similar between MBP fusions and their phage-displayed counterparts. Significantly, all of the fusions retained amylose-binding activity. Thus, MBP is a reliable, monova- lent vehicle for the N-terminal display of short peptides selected from phage libraries.
A study of the leader peptides from a few proteins secreted by E. coli have demonstrated that subsegments of the leader peptides, including those of MBP and pVIII, are not always interchangeable (29) . Our results indicate that both the filamentous phage pIII and pVIII leader sequences allow the export of many peptide:MBP fusions to the periplasm, even in the prlA ϩ strains DH5␣FЈ and NM522. In general, our results support a model of MBP export that permits changes in leader sequence, as well as diverse sequence variation in the N-terminal region of the mature protein. We observed significant variation in the yield of peptide:MBP fusions in prlA ϩ cells for fusions bearing the highly positively charged N11 and C6 peptides, which were preceded by the pIII and pVIII leader sequences, respectively. The periplasmic level of the C6:MBP fusion was returned to near-normal when produced in cells bearing the prlA4 mutation. Derman et al. (30) reported that in E. coli strains having the prlA4 mutation, MBP and alkaline phosphatase are exported to the periplasm, even if each lacks its entire signal sequence. The improvement in C6:MBP production we observed indicates that the pVIII leader, which is normally associated with SecY-independent membrane translocation of pVIII (31), can be directed into a SecYdependent pathway by particular sequences that follow it, and that SecY-induced restrictions on secretion are relaxed by the prlA4 mutation.
One group has reported that dimerization of MBP can occur under certain purification conditions, and that this can be reversed in the presence of 1 mM maltose (32, 33) . We did not observe this, as assessed by nondenaturing PAGE, although we found varying amounts of intermolecular disulfide bridging for some cysteine-containing peptides using nonreducing SDS-PAGE. This may have the effect of raising apparent affinities due to an avidity boost or lowering the apparent affinity if intermolecularly bridged peptides become nonreactive. In either case, such effects are expected to be rare compared to the avidity effects caused by multivalent display on phage or strictly bivalent display, such as occurs with alkaline phosphatase display.
The loop2 MAb identified the consensus motif GPXR with a few exceptions (i.e., the C6 peptide, which has an arginine in the place of proline). Phage display technology has been used by several groups to identify peptides that bind to MAbs other than loop2, but which are also specific for the V3 loop of gp120 on HIV (22, 34 -36) . The sequences selected by MAb loop2 in the present study, and those selected by each of the anti-V3 loop MAbs used in other reports, have different consensus elements, most probably reflecting differences in Ab specificity.
The order of reactivity of MBP fusions to the peptides selected by MAb loop2 differed between the ELISA and SPR analysis. This is not surprising given our results, which showed a large effect of Ab valency on the SPR results. For simplicity, we assumed a 1:1 pseudo-first-order kinetic model for the K d calculations with the MAb loop2. Thus, the K d s we report are a measure of surface binding affinity and depend intimately on the immobilization density of the peptide: MBP fusions on the sensor chip surface; very likely these densities are different from their counterparts in the ELISAs. A more rigorous affinity analysis, in which SPR is used to measure Ab in equilibrium with different peptide concentrations, has been developed by Nieba et al. (37) . The KinExA instrument (Sapidyne Instruments, Inc.) was developed for this same purpose (38, 39) . Such in-solution measurements were not made in this current study, but may be used to circumvent the confounding effects of valency, rebinding, and mass transport that are associated with solid-phase SPR biosensor measurements (40) .
In the future, MBP display could be exploited for other purposes. In one approach, phage plaque lifts were screened with polyclonal serum as a means of identifying disease-specific epitopes from phagedisplayed peptide libraries (41) . In a similar fashion, colony immunoblotting (12) or maltodextrin capture ELISAs on cell lysates (42) may be employed after one or two rounds of phage library selections to identify peptides that bind Ab independently of phage. Another potential application of peptide:MBP fusions is as immunogens, since MBP has been used as a fusion carrier to elicit immune responses (43, 44 ). An MBP hybrid that incorporated a B-cell epitope from the pre-S2 region of Hepatitis B virus into an external ␣-helix of MBP was used to elicit the production of peptidespecific Abs (45) . The X-ray crystal structure of the MBP-preS2 hybrid has been solved (46) , as has the 3D structure of wild-type MBP (47) . These studies suggest future roles for phage-displayed peptides in the design of structurally defined molecular fusions that can elicit peptide-specific Abs. Moreover, peptides or proteins having other functions can be fused to the C-terminus of peptide:MBP fusions to make "trifunctional" proteins.
In conclusion, we have demonstrated an efficient means of transferring peptides from the filamentous phage coat to the N-terminus of MBP for the characterization of affinity-selected peptides. A variety of peptide sequences and lengths can be displayed, and the peptide:MBP fusions are amenable to analysis by ELISA, Western blot, and SPR. In this way, phagederived peptides can be characterized in monomeric form and independent of phage-specific effects.
